Abstract The ability of curved gratings as sectors of concentric circular gratings to couple linearly polarised light into focused surface plasmons is investigated by theory, simulation, and experiment. The experimental and simulation results show that increasing the sector angle of the curved gratings decreases the width of the lateral distribution of surface plasmons resulting in focusing of surface plasmons, which is analogous to the behaviour of classical optical lenses. We also show that two faced curved gratings, with their groove radius mismatched by half of the plasmon wavelength (asymmetric configuration), can couple linearly polarised light into a single focal spot of concentrated surface plasmons with smaller depth of focus and higher intensity in comparison to single curved gratings. The major advantage of these structures is the coupling of linearly polarised light into focused surface plasmons with access to, and control of, the plasmon focal spot, which facilitate their potential applications in sensing, detection, and nonlinear plasmonics.
Introduction
Engineered metallic nanostructures have the ability to confine and manipulate electromagnetic waves as collective oscillations of free electrons at a metal-dielectric interface at nanometre length scales, known as surface plasmons [1] . The capability of surface plasmons to concentrate electromagnetic fields with high local field intensities has attracted attention for novel nano-photonic technologies in sensing [2] [3] [4] , photo-detection [5] [6] [7] , nonlinear optics [8] [9] [10] , and nanophotonic devices and circuitry [11] [12] [13] . Surface plasmons also show a larger effective propagation constant than light, necessitating specific techniques for coupling photons to surface plasmons. The coupling methods are in principal based on either photon tunnelling, for example, total internal reflection by prisms, or diffraction via tailored plasmonic structures, such as gratings and nano-antennas.
Plasmonic gratings have emerged as one of the best practical techniques to efficiently couple photons into surface plasmons on 2D platforms [14] . In addition, because of the highly confined electric field of plasmons to the metal-dielectric interface, tailoring the geometry of the gratings provides the opportunity to manipulate the surface plasmons. Here, we show the capability of curved gratings, as sectors of full circular gratings, to focus the coupled incident linearly polarised (p-polarised) light into surface plasmons.
Plasmonic focusing concentrates surface plasmons in 2D at a metal-dielectric interface. Various plasmonic focusing structures have been demonstrated experimentally, including engineered arrays of metallic nano-slits [15] , an arc of nanoholes [16] , parabolic nanoparticle chains [17] , diffraction gratings [18] , and an elliptical corral [19] with particular applications in wavelength division multiplexing, spectral filtering, waveguide coupling, correction of divergent surface plasmon beams, and angular interferometry, respectively. Elliptically curved gratings [20] and periodically corrugated wires have been proposed and investigated for terahertz frequencies [21] .
Single circular slits can also act as surface plasmon focusing elements [22] [23] [24] . However, using linearly polarised light results in two high-intensity spots along the diameter of the circular slits in the polarisation direction of the beam, due to destructive interference of counter-propagating surface plasmons at the centre of the circle. In order to have a single spot at the centre of a circular slit, one needs to illuminate the structure with radially polarised light for constructive interference of counterpropagating surface plasmons at the centre of the circular slit. Further, it has been shown that circular gratings, consisting of several circular slits, can focus surface plasmons to the centre of the concentric circles when illuminated with circularly polarised light [25] [26] [27] . Due to the increased number of circular concentric slits in circular gratings, the focused surface plasmons have a higher intensity in comparison to a single circular slit. Linearly polarised light may also be coupled to focus surface plasmons by placing two concentric half-circular slits or corrals facing each other. However, the slit radii need to be mismatched by half of the plasmon wavelength, to provide phase matching and enable constructive interference of the counter-propagating surface plasmons at the centre of the gratings [28, 29] .
Curved gratings are sectors of full concentric circular gratings, as illustrated in Fig. 1 . Here, we investigate the ability of curved gratings to focus surface plasmons. A key requirement of plasmonic focusing elements is the ability to control the width of the lateral distribution of the coupled surface plasmons. We present simulations and experimental results that demonstrate the effect of the sector angle of curved gratings on the width of the focussed surface plasmons, when they are illuminated with linearly polarised light (p-polarised). In comparison, full circular gratings offer efficient focusing of surface plasmons to the grating centre when radially polarised light beam is well-aligned with the radial centre of the circular slits, which can be challenging in practice. Furthermore, the curved gratings are positioned to one side of the focal spot and the region beyond the focal point allows access to concentrated surface plasmons for further processes. An alternative design uses two facing curved gratings with identical sector angles in an asymmetric concentric configuration (with the corresponding groove radii mismatched by half of the surface plasmon wavelength). This design can focus surface plasmons to a smaller longitudinal spot size, with higher intensity in comparison to the single-sector curved gratings. Considering these advantages, these asymmetric double curved grating structures have potential applications in sensing, detection, and nonlinear plasmonics. , each with seven grooves, were selected for the fabrication of the curved gratings. The inner groove radius was selected so as to maintain a constant effective aperture size of 3.0 μm for each structure. The 30-nm-thick gold films were deposited on a glass substrate (refractive index n=1.5) by ion-assisted deposition using an oxygen plasma-assisted thermal deposition system, to ensure good adhesion, flatness, and uniformity of the gold film on the glass [30] . The curved gratings were fabricated with grooves milled through the full thickness of the gold layer. Focused ion beam (FIB) etching, using a Zeiss Auriga 60 CrossBeam scanning electron microscope (SEM) with an Orsay Canion FIB column, was used to mill the grooves into the gold layer. Figure 1 shows SEM micrographs of the fabricated curved gratings. The performance of the fabricated curved gratings is studied by near-field scanning optical microscopy (NSOM) with an appropriate optical coupling system as shown schematically in Fig. 2 . The excitation light had a wavelength of 700 nm with~5 nm bandwidth, illuminating the grating by a 10× microscope objective from below the sample through the glass substrate. The NSOM tip was positioned at a height of 10 nm from the gold surface to collect the evanescent field of the surface plasmons excited by the gratings.
Fabrication and Experimental Results
In Fig. 3a , the NSOM image (256×256 pixels) for a 120 ∘ sector angle grating shows the focused surface plasmons. There is a phase change in the image, which is attributed to irregularities of the handmade NSOM probe. 3D simulations of the curved gratings were also performed using finite element methods (FEM) and adaptive meshing by COMSOL. The simulation parameters were identical to the fabricated structure and experiment parameters. Figure 3b shows the near-field intensity map at 10 nm vertical height above the gold-air interface, which demonstrates the focusing of surface plasmons in good agreement with NSOM scans. Focusing is also evident in the near-field intensity profiles along the bisector of the gratings (along the horizontal dashed cutline in Fig. 3b ) for both the NSOM scan (black solid line) and the 3D simulation (red dashed line) as shown in Fig. 4 . The intensity profiles are normalized to the maximum value of intensity of each line. In both cases, scattering of the light at the grooves contributes to observed oscillations in the positive x-coordinate and the focal spot occurs at the zero position. The results show the concentration of surface plasmons at the focal spot, although the field enhancement is relatively weak. This weak field enhancement is due to the off-resonance of the illumination wavelength and the 30-nm groove depth. Later optimization simulations showed that the most efficient coupling, and consequently the best field enhancement at the focal spot, would occur for 120-nm gold thickness (groove depth) when illuminated at the peak resonance wavelength (λ°= 790 nm) for the grating period of Λ gr = 770 nm, see Fig. 9 . The width of the focal spot is defined by the full width at half maximum (FWHM) of the intensity profile along the normal to the bisector of the gratings passing through the peak of the focal spot (along the vertical dashed cutline in Fig. 3b ). Figure 5 compares the simulation calculations and NSOM measurement of the width of the focal spot for different sector angles. With increasing sector angle, the width of the coupled surface plasmons is decreased; for sector angles over 100°, the coupled surface plasmons are well focused at the focal spot with a minimum spot size of 300 nm, which is
. The decreasing width of the focal spot with increasing sector angle is analogous to the performance of classical optical lenses. These plasmonic lenses can couple and direct surface plasmons into the focal spot allowing access to the focal spot for further processing.
In contrast to the excitation of linear gratings, for curved gratings, the p -polarised light makes different angles with the normal to the grooves at each point, as shown schematically in Fig. 6 . As a result, the amplitude of the surface plasmons arising from each point of the grooves drops as the cosine of the angle between the light polarisation and the grating vector (cos(α)) [31] . Consequently, the total intensity of the coupled surface plasmons through the aperture of the grating is proportional to
where β is half of the sector angle of the curved grating, and α is the angle between the plane of the linearly polarised beam (p -polarised) and the normal to the grooves at each point, as shown in Fig. 6 . Equation (1) shows that increasing the grating sector angle increases the coupling of the incident optical field to the surface plasmons by the curved gratings. In addition, the experimental and simulation results show that by increasing the sector angle the width of the focus of surface plasmons decreases. As a result, we define the effective numerical aperture (NA) of the curved gratings as
In order to show the appropriateness of the effective numerical aperture, its reciprocal versus sector angle is plotted in Fig. 5 (solid black line) . The inverse matches closely to the simulation and experiment data points of the focal width, analogous to the inverse of the numerical aperture of classical optical lenses. Fig. 6 ) of the simulated and experimental gratings (both with grating period of Λ gr = 770 nm) determined at a 10-nm vertical height from the gold-air interface
Investigating Plasmonic Grating Parameters by Simulation
Grooves of a plasmonic grating scatter linearly polarised light, (p -polarisation), to provide the required extra momentum for the photons to be coupled into surface plasmons. The efficiency of the scattering is mostly dependent on the groove characteristics-the period, width, and depth of the grooves (Λ gr , GW, and GD). Detailed discussion of plasmonic gratings can be found elsewhere [32, 33] , so here, we discuss the influence of the width and depth of the grating grooves to optimize curved gratings parameters. While the width of the grooves predominantly affects the phase delay between excited surface plasmons from different grooves, the groove depth influences the scattering [25, 32] . To save computer memory and time, we simulate linear gratings, with groove depth equal to the full thickness of the metal layer as shown in Fig. 7a , to optimize the grating parameters.
In order to optimize the effect of groove width and depth for efficient coupling of photons into surface plasmons, 2D simulations of linear trench gratings were calculated using the finite element method (FEM) and adaptive meshing by COMSOL. The selected grating period for the simulation was Λ gr =770nm, and the grating was illuminated at normal incidence from below through the substrate (glass with refractive index n=1.5). The illumination wavelength was calculated according to the resonance wavelength of the plasmonic gratings under normal incidence (first order) [32] :
in which k sp is related to the illumination wavelength;
with ε m and ε d as the dielectric constants of metal (gold) and dielectric (air), respectively.
As a result, the grating was illuminated at λ ∘ =790 nm with the gold layer dielectric constants (ε m ) of ε m =−23.3+i1.46 taken from Johnson and Christy [34] . The model geometry was meshed by a maximum element size smaller than λ°/8 for the dielectric and smaller than λ°/50 for the thin metal layer to ensure convergence. Figure 7b shows the average near-field intensity of surface plasmons calculated along a short cutline. Each coloured line and symbol relates to data for a specific groove width corresponding with a fraction of the grating period.
The selected groove widths for the fabricated structures were equal to half of the period of the gratings. The graph in Fig. 7b shows that the most efficient couplings for all the groove depths occur for a groove width of half of the grating period, or in other words, the surface plasmon wavelength
In fact, at this width, the phase change for the excited surface plasmons propagating across the other grooves would be zero, resulting in constructive interference of surface plasmons [25] . In addition, Fig. 7b shows that maximum plasmonic coupling takes place at groove depths of 120 nm for all groove widths. The depth of the grooves in the case of trench gratings mostly influences the scattering of the incident light beam. For small depths, the scattering is not efficient, but for deeper grooves, scattering increases. However, very deep grooves would also scatter out the excited surface plasmons as radiation, reducing the coupling. Although the 30-nm groove depth of the fabricated trench curved gratings decreases the efficiency of coupling of the incident light into surface plasmons, it does not affect the performance of curved gratings as plasmonic lenses.
The number of grooves also influences the intensity of the coupled surface plasmons. Assuming the phase matching condition is met, increasing the number of grooves of circular gratings increases the coupled surface plasmon intensity. However, by increasing the radius of grooves beyond the propagation length of the surface plasmons, the influence of added grooves to the grating decreases and approaches to zero. A detailed discussion of the role of the number of grooves can be found elsewhere [25, 27] . Our simulation also shows that for the curved gratings with period equal to the surface plasmon wavelength and groove width of half of the grating period (consistent with phase matching when illuminated at normal incidence), increasing the number of grooves to seven increases the intensity of the focal spot.
Using 3D COMSOL simulations, we also tested the wavelength response of the curved gratings, in order to compare with the resonance wavelength of linear gratings through Eq. (3). The simulated curved grating period is identical to the period of the linear grating and fabricated structures (Λ gr =770 nm). The groove width is equal to half of the period of the grating, and the thickness of the gold layer (groove depth) is also identical to the thickness of the fabricated curved grating (30 nm). The wavelength response of the grating is illustrated in Fig. 8 with maximum response of the grating at λ max =780 nm, very close to the calculated value of resonance wavelength (λ max = 790 nm) for linear gratings with identical grating period (Λ gr = 770 nm), with an estimated bandwidth of 100 nm as the full width at half maximum (FWHM) of the fitted Gaussian curve. Additional simulations show that for a fixed resonance wavelength, 1 % change in the period of the curved gratings results in 5 % decrease in the intensity of the focal spot.
This simulation shows that the selected wavelength for the illumination of the structure in the experiment is not the resonance wavelength which results in less efficient coupling of incident light into surface plasmons. However, it does not affect the performance of the curved gratings as plasmonic lenses and only results in weaker NSOM signals through near-field scanning. The ideal situation of a 120 ∘ sector angle curved grating with optimized values of structural parameters for grating period of Λ gr = 770 nm (GW ¼ Λ gr 2 ¼ 385 nm, gold thickness=GD=120 nm), and illuminated at λ ∘ =790 nm was also simulated, see Fig. 9a , b. Figure 9a shows the intensity map of the near field and Fig. 9b exhibits the intensity profile along the bisector of the grating (along the horizontal dashed cutline). They show the focusing of surface plasmons with higher field enhancement at the focal spot in comparison to Fig. 3b, 4 , due to the optimized parameters.
The focal spots from the curved gratings are not perfectly circular and are stretched to some extent. For the polarisation direction of the incident light along the bisector of the curved grating (x -direction), the depth of focus is along the x -axis. While we carefully aligned the direction of polarisation of the incident light along the bisector of the curved gratings, simulation shows that for misalignment of the polarisation angle relative to the curved grating bisector, the depth of the focus rotates slightly.
Asymmetric Faced Curved Gratings for a Tighter Focusing of Surface Plasmons
Although curved gratings focus surface plasmons, the depth of their focal spot is long in comparison to the width of the Fig. 9 a 3D simulation of near-field intensity map of 120 ∘ sector angle curved grating with optimized structural parameters (GW=385 nm and GD= 120 nm) illuminated at λ°=790 nm. b The intensity profile along the bisector of the grating (x-axis in Fig. 6) focal spot. This can be seen in Figs. 3 and 4. To address this problem, we studied arrangement of two curved gratings centred at the same point facing each other to focus surface plasmons using linearly polarised light, as shown in Fig. 10 .
The radius of the grooves of each curved grating is mismatched half of the period of the surface plasmons relative to the opposite grating in order to provide the phase matching condition for counter-propagating surface plasmons to interfere constructively. Fig. 11a, b shows the 3D simulation of a single curved grating and an asymmetric double-sided curved grating for 160 ∘ sector angle with Λ gr =770 nm, illuminated at λ ∘ =790 nm and with groove width of half of the grating period. The oval shape focal spot in single curved grating (Fig. 11a) changes to a small dot with higher intensity, demonstrating a significant decrease in the longitudinal distribution of plasmons at the focal spot (Fig. 11b) . A detailed comparison is shown in Fig. 12 in which the intensity profile along the bisector of the gratings is plotted. It shows that the longitudinal width is changed from 800 nm for the single curved grating to 260 nm ≈ λ ∘ 3
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for the asymmetric double-sided curved grating with a significant enhancement in the intensity of the hot spot in comparison to the focused surface plasmons from the single curved gratings. However, the width of the focal spot does not change.
Conclusion
The capability of curved gratings to couple linearly polarised light to focused surface plasmons is investigated by theory and simulation and demonstrated experimentally. It is shown that controlling the sector angle of the curved gratings offers an additional tool to manipulate the width of the lateral distribution of surface plasmons. Moreover, curved gratings are positioned on one side of the focused surface plasmon spot, allowing the access to the concentrated surface plasmons for additional processes. Although illuminating a circular grating with radially polarised light provides a sharp high-intensity focal spot, it requires careful alignment of the beam with the structure, which is challenging in practice. In addition, the closed geometry of the circular gratings would limit their application. Fig. 11 Simulation of the performance of a single curved grating and b asymmetric doublesided curved gratings with six grooves Fig. 12 Comparison of the longitudinal intensity profile along the bisector of the single curved grating and asymmetric double-sided curved gratings with six grooves The focal spot of the curved gratings is not symmetric: consisting of a longer longitudinal focal depth compared with the width of the focal spot. However, it is shown that facing two curved gratings in an asymmetric configuration, and illuminating with linearly polarised light along the bisector of the curved gratings results in a very sharp focal point, similar to that obtained from the full circular gratings when they are illuminated with circularly polarised light. Curved gratings are amenable to planar architectures with potential applications in nonlinear plasmonics, plasmonic detectors, and sensing.
